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Abstract 

Purpose In life cycle impact assessment, various proposals 
have been made on how to characterise fossil resource scar¬ 
city, but they lack appropriateness or completeness. In this 
paper, we propose a method to assess fossil resource scarcity 
based on surplus cost, which is the global future cost increase 
due to marginal fossil resource used in the life cycle of 
products. 

Methods The marginal cost increase (MCI in US dollars in the 
year 2008 per kilogram per kilogram produced) is calculated 
as an intermediate parameter for crude oil, natural gas and coal 
separately. Its calculations are based on production cost and 
cumulative future production per production technique or 
country. The surplus cost (SC in US dollars in the year 2008 
per kilogram) is calculated as an indicator for fossil resource 
scarcity. The SC follows three different societal perspectives 
used to differentiate the subjective choices regarding 
discounting and future production scenarios. 

Results and discussion The hierarchist perspective SCs of 
crude oil, natural gas, and coal are 2.9, 1.5, and 
0.033 US$ 2 oo 8 /GJ, respectively. The ratios between the indi¬ 
cators of the different types of fossil resources (crude oil/ 
natural gas/coal) are rather constant, except in the egalitarian 
perspective, where contrastingly no discounting is applied 
(egalitarian 100:47:21; hierarchist 100:53:1.1; individualist 
100:34:0.6). The ratio of the MCIs (100:48:1.0) are similar 
to the individualist and hierarchist SC ratios. 
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Conclusions In all perspectives, coal has a much lower re¬ 
source scarcity impact factor per gigajoule and crude oil has 
the highest. In absolute terms of costs per heating value (US 
dollars in the year 2008 per gigajoule), there are large differ¬ 
ences between the SCs for each perspective (egalitarian > 
hierarchist > individualist). 
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Abbreviations 

CF Characterisation factor 

LCA Life cycle assessment 

LCIA Life cycle impact assessment 

MCI Marginal cost increase 
SC Surplus cost 

1 Introduction 

Life cycle assessment (LCA) is a methodology that helps 
assess and improve the environmental profile of goods and 
services, considering their entire life cycle. This comprises all 
activities from raw material extraction, through manufactur¬ 
ing, use, and end-of-life waste disposal. Life cycle impact 
assessment (LCIA) constitutes an important phase of an 
LCA study where impacts are quantified on the basis of life 
cycle impact indicators. An impact indicator can be defined 
anywhere along the cause-effect pathway from the extraction 
of natural resources and release of emissions to the damage 
caused. In LCIA, the damage caused is often grouped in three 
areas of protection, also named as safeguard subjects: human 
health, natural environment, and natural resources 
(Jolliet et al. 2004). The first two areas of protection are 
relatively well established, but there is no consensus regarding 
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the issue of concern related to natural resources (EC-JRC-IES 
2011), even though resource use (particularly land and fossil 
resources) is often an important driver of overall environmen¬ 
tal impact in the life cycle of products (Huijbregts et al. 2008). 

Environmental pollution due to fossil resources combus¬ 
tion, such as climate change and acidification, receives a lot of 
attention because of our increasingly energy-intensive life¬ 
style (Lenzen et al. 2004; Jackson and Papathanasopoulou 
2008). In addition, society’s concern about a limited supply 
of fossil resources is increasing. Recently, the fast economic 
growth of emerging economies, in particular, China and India, 
has led to an energy demand larger than ever. As a result, 
cmde oil, natural gas and coal have become ever more impor¬ 
tant energy sources (BGR 2010). However, there is a near- 
term rapid decline in conventional oil production, a relatively 
small contribution from non-conventional oils, and a predicted 
decline in conventional gas production in the near future 
(Bentley 2002; BGR 2010). 

In the past, several types of LCIA methods were developed 
to assess the impact of fossil resource use, each describing 
different effects (Lindeijer et al. 2002; Jolliet et al. 2004; 
Finnveden 2005; Stewart and Weidema 2005; Berger and 
Finkbeiner 2011; EC-JRC-IES 2011). LCIA methods measur¬ 
ing fossil resource use can be categorised into three main 
categories based on the following: (1) inherent properties, 
(2) use/stock ratio, and (3) increased efforts. Methods includ¬ 
ed in the first category focus on inherent properties of fossil 
resources, such as mass or energy and entropy. However, the 
relevance of this approach in the LCA context is questionable 
because the impact factor is the same regardless of how much 
of a resource is still available for extraction. Methods in the 
second category, based on use/stock ratios, give an indication 
of the rate at which different resources are depleted as well as 
an estimate for how long they may last with present-day 
technology and demand. This concept has been used widely 
in LCIA methods (Guinee et al. 2002; Hauschild and Potting 
2005; Schneider et al. 2011). Methods that belong to the third 
and last category describe the future consequences of current 
resource extraction based on the concept that extracting easier 
resources now means that in the future (lower quality) re¬ 
sources need to be extracted under more challenging condi¬ 
tions and with alternative technologies. The additional efforts 
that are required can be described by higher energy require¬ 
ments or additional costs (Muller-Wenk 1998; Steen 2006; 
Goedkoop and De Schryver 2009). 

Van der Voet (2013) defined depletion of a resource as a 
reduction of its geological/natural stocks on Earth and defined 
scarcity as an insufficiency of resources for use, the latter 
concept being restricted only to resources that can be 
exploited. Therefore, an indicator that describes higher efforts 
addresses the scarcity of resources rather than their depletion 
and is therefore considered relevant for stakeholders to eval¬ 
uate medium-term policies (Vieira et al. 2011). Hauschild 


et al. (2013) take a step further by identifying the scarcity of 
the resource, i.e., the limitations in its availability to current 
and future generations, as the key concern for the resources 
impact category in LCIA. 

Quantifying the impact of a product’s life cycle on the 
economy, also known as monetisation, by using the 
willingness-to-pay concept has been applied in the past 
(Steen 1999; Weidema 2009). For resource use, however, 
the willingness-to-pay concept is not related to the effect of 
resource production, but rather to the willingness to make 
additional investments for resource production (Li et al. 
2009). Here, we propose a method to assess the impact on 
fossil resource scarcity in LCA based on surplus cost, which is 
the global future cost increase due to marginal fossil resource 
use. This indicator, which has been applied in the ReCiPe 
method (Goedkoop and De Schryver 2009), was selected by 
the EC-JRC-IES (2011) as an interim solution at the endpoint 
level. It was considered as the most relevant method but still 
too immature for recommendation. 

The goal of this paper was to develop a life cycle impact 
assessment method for the scarcity of fossil resources based 
on future societal costs. Current methods expressed as surplus 
cost only provide data for a limited number of fossil resources 
(crude oil), assume constant annual production over time, use 
limited price-production relationships and set an arbitrary 
time frame (Goedkoop and De Schryver 2009). 
Characterization factors for the three main fossil resources 
(crude oil, natural gas and coal) were derived to overcome 
these limitations and demonstrate how the method can be 
operated in practice. 

2 Methods and data 

2.1 Cause-effect pathway 

The largest part of a fossil resource is combusted for energy 
production (about 94 % in 2010; IHS 2011), either directly or 
via a conversion/purification step. The remaining part is used 
for its chemical properties in plastics and other synthetic 
materials. To express the scarcity of a fossil resource, we 
propose to use an economic indicator as scarcity is best 
expressed in economic terms (Tilton 2003). The cause-effect 
pathway of the indicator proposed here is illustrated in Fig. 1. 

It is assumed that fossil fuels with the lowest costs are 
extracted first. Consequently, the increase in fossil fuel pro¬ 
duction causes an increase in costs due to either a change in 
production technique or sourcing from a costlier location. For 
example, when all conventional oil is depleted, alternative 
techniques such as enhanced oil recovery will be applied or 
oil will be produced in alternative geographical locations with 
higher costs, such as arctic regions (IEA 2010). The additional 
production cost indicator is defined here as the marginal cost 
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Fig. 1 Pathways of fossil resource use to the damage indicator 


increase (MCI), which is the cost of the additional inputs 
needed to produce another unit of the resource. By combining 
the marginal cost increase with a production volume of the 
fossil resource consumed, the additional cost for that produc¬ 
tion, due to a currently produced amount, is derived. Weidema 
et al. (2005) suggested including this mechanism in the in¬ 
ventory instead of in the impact assessment step. However, 
this has not yet been done and life cycle inventory databases 
still express the resource use elementary flows as the amount 
of primary resource extracted. As such, we propose a life cycle 
impact indicator, expressed as the surplus cost (SC) caused by 
fossil resource scarcity, which is expressed as the total addi¬ 
tional future cost to the global society due to the production of 
one extra unit of resource now. Thus, the SC scales with the 
future global production, which can be forecasted in dif¬ 
ferent scenarios by simulating demand related to assump¬ 
tions on population growth, economic growth, substitu¬ 
tion of resources, and expected technological develop¬ 
ment (IPCC 2000). 


2.2 Characterisation factors 

The calculation of marginal change is common in LCIA 
(Udo de Haes et al. 1999). For resources, this concept implies 
that each additional extraction of a resource causes future 
impact on the scarcity of the resource in nature. The factor 
quantifying the change that is caused by an extraction from 
nature is referred to as the characterization factor (CF) of the 
resource considered. Here, the CF is equal to the surplus cost 
of fossil resource x (SC X ; US dollars per kilogram or cubic 
metre). As explained in the previous section, it is related to the 
MCI combined with a future production volume. However, 


future costs may be valued less in terms of present value due 
to expected discount rates (this will be explained further in 
Section 2.4). The equation for calculating the CF is then 


CF X = SC r = 




t ( UCh x Pv x (A) 



where MCI X is the marginal cost increase of the fossil resource 
x, P xt is the annual production of resource x in year t 
counting from the base year, T is the year in which resource 
x is depleted, and d is the discount rate. T is derived by 
calculating, on basis of energy demand estimates, how long 
it will take until the total resources are depleted, as reported by 
IEA (2010). The costs are expressed in US dollars in the year 
2008. When cost is expressed for a different year, the cost is 
corrected for inflation, using the average of the past 30 years 
in the USA (3 %). 

The MCI of resource x (in US dollars in the year 2008 per 
squared kilogram or US dollars in the year 2008 per cubic 
metre squared), defined as an intermediate parameter for 
calculating the CF, is defined as the extra cost resulting from 
the production of one additional kilogram or cubic metre of 
fossil fuel and is calculated by 


MCI X 


ACost x 
A P x 



where ACost x is the change in cost per kilogram or cubic 
metre of resource x (US dollars in the year 2008 per kilogram 
or US dollars in the year 2008 per cubic metre) and A P x is the 
change in amount of resource to be produced in the future 
(kilogram or cubic metre). The MCI is based on current cost 
estimates per region and production type (source type, pro¬ 
duction technique). Amounts of fossil resources (kilogram or 
cubic metre) can be converted to heating values (megajoule), 
thus allowing the comparison of CFs between types of fossil 
resources on the basis of each heating value. As the mass or 
volume of a fossil resource is generally corrected based on the 
lower heating value (LHV), we used the following conversion 
rules: 1 kg of crude oil equivalent has an LHV of 41.868 MJ, 
1 kg of coal equivalent has an LHV of 0.7 * 41.868 = 
29.3076 MJ, and a cubic metre of natural gas has an LHV of 
38 MJ at 15 °C and 1,013 hPa (IEA 2011b). When a data 
source uses barrels of oil equivalents (159 1), we assume a 
density of 0.85 kg per litre (135 kg per barrel). 


2.3 Cost-cumulative production data 

Cost-cumulative production data of crude oil, natural gas and 
coal are required for calculating the MCIs, where cumulative 
production means the increasing future production of succes¬ 
sive available resource per production technique or region. 
The resources of these fossil fuels, as published by the 
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International Energy Agency (IEA 2010), are used. According 
to IEA (2010), the resources estimate comprises three parts: 
proven reserves, undiscovered resources and “reserves 
growth”. 


gas, shale gas, and sour gas, and from more challenging 
locations, such as arctic, deep water, and coal beds. In IEA 
(2009a), cost-cumulative production data is given in ranges 
per production technique (Fig. 3). 


2.3.1 Crude oil 


2.3.3 Coal 


Crude oil is found in ancient sea or lake bottoms, where 
organic materials were buried under anoxic conditions and 
became fossilised. Hence, cmde oil sources can be found in 
diverse locations at different depths underground and under 
existing sea or lake bottoms. Due to the variation in source 
locations, the cost is highly diverse. Crude oil can have 
different densities and can be mixed with sediments, which 
also has consequences on the production costs. In certain oil 
reservoirs, enhanced oil recovery (EOR) techniques are re¬ 
quired to extract the remaining resources that cannot be re¬ 
covered in a conventional way. These techniques are only 
applied when the oil prices increase to levels that make them 
profitable. 

Future production cost of crude oil was estimated per 
production technique by the International Energy Agency 
(IEA 2010). The IEA cost data includes all capital expendi¬ 
ture, operational expenditure, and cost of capital to bring the 
oil to the market, but does not include any return on invest¬ 
ment (McGlade 2011). The IEA cost data are given in ranges 
per production technique, but are not specified per region 
(except for—Middle East and North Africa (MENA)— 
conventional oil) as illustrated in Fig. 2. 

2.3.2 Natural gas 

Natural gas mainly consists of methane and, like cmde oil, 
originates from marine organisms. It is found either in asso¬ 
ciation with cmde oil or in isolated natural gas fields. As 
natural gas prices are increasing, industry is producing natural 
gas from increasingly more challenging types, such as tight 


Coal was formed from forest biomass, which was buried in the 
ground or shallow seas mainly during the carboniferous peri¬ 
od (360-300 million years ago). Due to plate tectonics and 
other geologic processes, coal is found at different depths 
underground. Because these geological processes apply pres¬ 
sure to the buried biomass, there is a large variation in carbon 
content, which is used in the German classification of different 
coal types, e.g., lignite has 60-75 % C, flame coal has 
75-82 % C, etc. 

The IEA has not published cost-cumulative production 
data per production technique for coal. IEA’s total estimate 
for coal resources is based on data collected by the German 
Federal Institute for Geosciences and Natural Resources 
(BGR 2010). These data of coal resources are specified per 
country, but not per production technique. In BGR (2010), 
coal resources are divided into two types: lignite (including 
sub-bituminous) and hard coal (including anthracite). 

Cost data are not available for all types of coal. Data for 
free-on-board cash cost (costs include mining, processing, 
taxes and royalties, inland transport and port and loading, 
but not covering overhead costs or capital costs) of 
seaborne-traded steam coal production are available per 
country. We assumed the same cost for all types of coal 
per metric tonne of coal equivalent (adjusted to 29.3 MJ per 
kg). Cost data were taken from IEA (2011a) for Canada, 
USA, Russia, Mongolia, Indonesia, Australia, and IEA 
(2009b) for China (Fig. 4). For Ukraine, Germany, 
Kazakhstan, Poland and the UK (together about 3 % of 
total available resources) and for Pakistan, Vietnam and 
India (4 % of total available resources), there are no cost 
data. Other countries do not have significant amounts of 
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Fig. 2 Cost-cumulative production data for crude oil. A barrel (of oil 
equivalents) contains 1591 assuming a density of 0.85 kg per litre (135 kg 
per barrel). EOR enhanced oil recovery; conv. conventional; MENA the 
Middle East and North Africa region (source: IEA 2010) 


0 100 200 300 400 500 600 700 800 

Cumulative production (10 12 cubic meter) 

Fig. 3 Cost-cumulative production data for natural gas. MBtu is 10 6 Btu, 
where 1 MBtu= 1.054615 GJ. CBM coal bed methane (source: IEA 2009a) 


Springer 










876 


Int J Life Cycle Assess (2014) 19:872-881 


resources (<0.05 10 15 kg), according to BGR (2010) data. 
The data used in this paper are illustrated in Fig. 4. 

2.3.4 Data analysis 

To derive a slope from the minimum and maximum cost per 
production technique or country, a certain statistical distribu¬ 
tion had to be assumed. Monte Carlo simulations were applied 
assuming a uniform distribution between the minima and 
maxima per production technique or country. Simulations 
were done for equal quantities of available resource with the 
condition that the second digit of the slope, which is derived 
by linear regression after ordering the cost values from lowest 
to highest, did not change: 10 barrels for cmde oil, 10 cubic 

o 

metres for natural gas, and 2*10 metric tonnes for coal. For 
the Monte Carlo simulations and the linear regressions, the R- 
project statistical software (R Development Core Team 2012) 
was used. 

2.4 Discount rates and global future production data 

Because the method proposed aims at quantifying the poten¬ 
tial additional cost in future fossil fuel production as a result of 
current production, value choices to define future scenarios 
had to be made. In LCIA, it is possible to define different 
perspectives, representing different visions on nature and on 
society, following the Cultural Theory (Hofstetter 1998; 
Frischknecht et al. 2000; Goedkoop et al. 2008). Three of 
the five Cultural Theory perspectives, the individualist, 
hierarchist, and egalitarian, are generally applied in environ¬ 
mental decision tools when perspectives are considered 
(Hofstetter 1998; Hofstetter et al. 2000). The autonomist is 
excluded because he/she “escapes social control by refusing to 
control or to be controlled by other” and fatalists do not 
choose but follow the others (Hofstetter 1998). Therefore, 
these are not relevant perspectives for decision making tools, 
such as LCA. 
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Fig. 4 Cost-cumulative production data for coal adjusted to 25.1 MJ per 
kg; about 7 % of the total available resources are not included due to 
lacking cost data for several countries (sources: BGR 2010; IEA 2009b; 
IEA 2011a) 


As using a fixed timeframe is not a common practice in 
future economic cost assessments, such as in cost-benefit 
analyses and life cycle costing, we did not apply it for calcu¬ 
lating the surplus cost. Moreover, using a fixed timeframe 
would make the surplus cost characterisation factors even 
more sensitive to the future production scenarios. 
Discounting future costs can be applied, but it is a subjective 
choice, as it assumes that costs in the future can be compen¬ 
sated by investing money in profitable projects or by keeping 
money in a savings account with stable interest rates. Discount 
rates for estimating future environmental cost are generally 
between 1 and 7 % (Hof et al. 2008; Harrison 2010). 

Choosing different discount rates per perspective for the 
use in LCIA has often been applied (Hellweg et al. 2003). For 
example, De Schryver et al. (2011) applied zero discounting 
for the egalitarian perspective, 3 % discount rate for the 
hierarchist perspective, and 5 % discount rate for the individ¬ 
ualist perspective. Discounting of zero for the egalitarian and 
3 % for the hierarchist perspective is consistent with, respec¬ 
tively, the long-term (indefinite) and medium-term (100 years) 
time frame often considered in LCIA. The individualist per¬ 
spective is typified with a short-term perception, not longer 
than 20 years. Applying a 5 % discount rate, as De Schryver 
et al. (2011) suggest, is not in line with this time frame. A 
discount rate of higher than 10 %, as used by private compa¬ 
nies (Hellweg et al. 2003), is more appropriate for a short-term 
individualist perception. Moreover, a 15 % discount rate for 
the individualist and 3 % for the hierarchist perspective would 
result in a similar ratio between the characterisation factors of 
the two perspectives in case fixed time frames of 20 and 
100 years, respectively, are used. As fixed timeframes are 
often used for other impact categories, such as climate change, 
this makes the surplus cost method compatible with those 
categories. We therefore chose a discount rate of 15 % for 
the individualist, 3 % for the hierarchist and zero discounting 
for the egalitarian perspective. 

In the case of the egalitarian perspective with zero 
discounting, the future production scenarios do not have any 
influence on the results because all future production needs to 
be taken into account and is considered equally important. In 
the cases of the hierarchist and the individualist perspectives, 
however, fossil production scenarios of the coming decades 
are very relevant due to positive discounting. Many future 
production scenarios can be simulated depending on the 
macro-economic model and underlying assumptions. The 
Intergovernmental Panel on Climate Change (IPCC) (2000) 
published four different scenario groups, known as the Special 
Report on Emissions Scenarios (SRES), which were applied 
by six different macro-economic models. We used the annual 
primary energy production scenarios from all models. 

When comparing the SRES scenario groups (IPCC 2000) 
and the three cultural perspectives used in LCA 
(Hofstetter 1998), the storyline of the scenario group Al 
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matches most closely to the description of the individualist 
perspective (Beumer and Martens 2010). For example, in both 
the scenario narrative and the individualist perspective, eco¬ 
nomic growth is seen as the main driver of development and 
technological innovation makes resources more accessible 
(Beumer and Martens 2010). For the other scenario groups, 
it is not that obvious which perspective is predominantly 
represented (Beumer and Martens 2010). On the other hand, 
we observe a clear trend in fossil resource production in 
scenario group B1 that can clearly be described as “low 
growth (radical change now)”, which is the (fossil) ‘energy 
future’ prediction of the egalitarian. Moreover, the fossil re¬ 
source production trend in scenario B2 can clearly be de¬ 
scribed as “middle of the road”, which is the “energy future” 
prediction of the hierarchist. Moreover, Kapur (2005) came to 
the same match in his analysis. 

To assess the uncertainty of the surplus cost, Monte Carlo 
simulations were applied with the minima and maxima of the 
annual production from the different IPCC models (assuming 
uniform distribution). 

3 Results and discussion 


3.1 Marginal cost increase 

In Fig. 5, a statistical overview is given of the MCI results 
obtained in 10 18 US $2008 P er MJ 2 . The individual charts and 
the MCI results in 10~ 18 US$ 200 8 per MJ 2 and 10~ 15 US$ 200 8 

S' 

per kg (or US dollars in the year 2008 per m for natural gas) 
are available in the Supplementary Material. From this over¬ 
view, it is clear that the MCIs of the different types of fossil 
fuels are significantly different, where the MCI of crude oil is 
about two times as high as the MCI of natural gas and a factor 
100 higher than the MCI of coal. 

For comparison, we estimated slopes from cost-cumulative 
production curves in literature. The slope for crude oil 
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Fig. 5 Overview of the MCI results 


retrieved from data in Remme et al. (2007) and in 

_ 1 o 

Anandarajah et al. (2011) are approximately 0.40 10 and 
0.57 10 -18 US$ 20 o 8/MJ 2 , respectively. The reason for the dif¬ 
ference between Anandarajah et al. (2011) and our estimates 
based on the Monte Carlo simulations with the IEA data is 
mainly due to the difference in available resources per pro¬ 
duction technique (their sum of available resource is about 
3,800-10 9 barrels compared to 5,300-10 9 barrels, respective¬ 
ly). Their cost estimates are largely based on the IEA data as 
well. Remme et al. (2007), McGlade (2011) and Anandarajah 
et al. (2011) specified cost data per production type and 
region by literature review (partly based on IEA data), 
rather than an assumed distribution between the minimum 
and maximum costs. 

Compared to BGR (2010) estimates of natural gas re¬ 
sources, the IEA (2009a) estimates are about 30 % smaller 
(IEA’s sum estimate of conventional, tight gas, shale gas, coal 
bed methane and sour gas resources is 790 trillion cubic metre, 
compared to 1,151 of BGR). This means that the slope (MCI) 
would be about 30 % lower when BGR (2010) data for natural 
gas resources are used. Moreover, IEA (2009a) estimates do 
not include aquifer gas and gas hydrates as BGR (2010) does. 
BGR estimates the resources of aquifer gas and gas hy¬ 
drates at respectively 800 and 1000 trillion cubic metres. 
The cost estimates of producing these types of gas would 
therefore strongly influence the results of calculating the 
MCI of natural gas. 

Based on Remme et al. (2007), we estimate an MCI of 
0.21 10 -18 US$ 20 o 8/MJ 2 by drawing a line through their cost- 
cumulative production curve. From Anandarajah et al. (2011), 
we estimate an MCI of 0.33 10” 18 US$ 20 o8/MJ 2 in the same 
way. The latter estimate is much higher than our estimate 
mainly because the total resource estimate of Anandarajah 
et al. (2011) is smaller, which makes the slope (MCI) steeper 
because they used a similar cost range. 

As stated in the methods and data section, about 7 % of the 
total available coal resources are not included due to lack of 
cost data for several countries. Because the cost ranges in 
those countries are probably not higher than those of the 
included countries, the result may be slightly overestimated. 

In Fig. 4, the discontinuity of the curve is rather prominent 
around 6-10 15 kg and towards 19-10 15 kg. This means that, in 
theory, the production cost will steeply increase when those 
amounts of cumulative production are reached in the future. In 
practice, there will be a smoother transition as lower cost 
mines will produce at the same time as higher cost mines, of 
which the owners accept lower margins and/or receive subsi¬ 
dies (IEA 2012). It should be noted, however, that the relative 
contribution per country to total available resources as used in 
our analysis is very different from the relative contribution to 
the current production (for example, based on BGR (2010)), 
China produced 44 % of the global coal production in 2009 
and has 25 % of the total reserves, while the USA produced 
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14 % and has 38 % of the reserves. This means that if we 
would use average costs in the first 100 years or so, based on 
the current relative production per country, for calculating the 
MCI of coal, the slope would be more moderate. However, 
this involves predictions of future annual production per 
country for the coming centuries, which are unavailable. 

The cost of coal production is estimated by Remme et al. 
(2007) between 1 and 4.8 US$ 2 ooo P er GJ, which is equal to 
0.034 and 0.164 or 0.043 and 0.21 US$ 2 oos/kg coal eq., when 
applying an inflation rate of 3 % to convert the cost to the 
reference year of 2008. The total available resources estimate 
in Remme et al. (2007) is not comparable, though they also 
refer to BGR as the data source. 

3.2 Characterisation factors 

Figure 6 gives an overview of the characterisation factors 
calculated for crude oil, natural gas and coal according to the 
three cultural perspectives selected. The CF results in US 
dollars in the year 2008 per gigajoule and US dollars in the 
year 2008 per kilogram (or US dollars in the year 2008 per 
cubic metre for natural gas) are available in the Supplementary 
Material. The characterization factors for the egalitarian per¬ 
spective are 14.3, 6.8, and 3.2 US$ 2 oos P er GJ for crude oil, 
natural gas and coal, respectively. These factors are relatively 
high because for this perspective, we do not use discounting 
and assume all resources are eventually depleted. In the indi¬ 
vidualist and hierarchist perspectives, the average characteri¬ 
sation factors are much lower, but discounting makes the 
results sensitive to the future production scenarios, as simu¬ 
lated by the different models in IPCC (2000). The CF ratios 
crude oil/natural gas is rather constant, while the relative 
importance of coal largely differs between the perspectives. 
Coal has a much higher relative importance in the egalitarian 
perspective than in the other perspectives because coal 



Fig. 6 Average and standard deviation of the surplus cost in US $2008 P er 
GJ fossil fuel for different perspectives using fossil fuel production 
simulated by six different models (IPCC 2000) and two different scenar¬ 
ios (assuming Al individualist; B2 hierarchist) 


production is expected to continue for much longer than 
natural gas and cmde oil. 

3.3 General discussion 

Fossil resource production costs values used in this paper are 
based on recent estimates, while actual costs fluctuate depend¬ 
ing on inflation rates, local wage policies, fuel prices, and 
other national and international economic parameters. 
Because the breakdown of cost per production technique 
and region can differ significantly, the cost fluctuations can 
have a large influence on the marginal cost increase calcula¬ 
tion. As there are also differences in the breakdown of cost per 
type of fossil resource, the fluctuations can also lead to relative 
differences between the fossil resource types. This effect was 
not investigated due to lack of specific data. State-of-the-art 
data published by IEA (2010) was used. However, if new data 
becomes available in the future, the characterisation factors 
can be easily updated. 

A basic assumption of our method is that the least costly 
production techniques are used first. However, this is not 
always the case due to geopolitical factors such as trade 
barriers or strategic stocking of resources. For example, some 
countries have recently decided to start exploiting shale gas 
despite the high costs and risks involved. Including such 
effects would involve a large degree of additional uncertainty 
to the assessment and a necessity for spatial differentiation. It 
would also implicate a very short term perspective (less than 
5 years), as geopolitical effects may change rapidly. Most 
importantly, there is lack of data and this is why the method 
proposed has focused primarily on technological factors and 
demand growth. 

When calculating the characterization factors, the ratio 
between the CF of crude oil/natural gas/coal, in general, does 
not change much compared to the MCI (100:48:1.1). This 
means that the calculations from the MCI to the CFs are, in 
most cases, insensitive to the subjective choices. In the 
hierarchist perspective, the ratio becomes 100:52:1.1. In the 
individualist perspective, the ratio becomes 100:34:0.6. In the 
egalitarian perspective, the ratio becomes 100:48:22, which 
deviates significantly for coal due to the zero discounting in 
this perspective and the expectation that coal reserves can be 
produced for centuries. The small relative difference between 
the individualist and hierarchist perspectives means that there 
is not much difference in the importance of the different types 
of fossil resources between the perspectives. Only in the 
egalitarian perspective is the characterisation factor of coal 
relatively much larger compared to the other perspectives, 
though it is still a factor of five lower than the CF of cmde 
oil. This means that the economic impact caused by resource 
scarcity in terms of surplus cost can be reduced considerably, 
independently of the perspective, by switching to coal use. 
The trade-off is obviously an increased impact on global 
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warming, as coal releases more C0 2 per MJ than cmde oil or 
natural gas. 

In absolute terms, there is a significant difference between 
the perspectives. The individualist perspective, although not 
necessarily compatible with the thinking that all impacts 
should be fully considered, represents an important stakehold¬ 
er group that has to understand, interpret, and use LCA results. 
This could be considered a minimum damage approach. As a 
result, the surplus cost for this perspective is lowest and only a 
fraction compared to the current price of fossil resources. As a 
reference, the current prices are approximately 17, 5, and 
4.5 US $2008 per GJ for cmde oil, natural gas and coal, respec¬ 
tively, which means the individualist CFs are about 4, 5 and 
0.1 % of the current price. In the hierarchist, and especially in 
the egalitarian perspective, the surplus cost is a significant 
amount compared to the current price of cmde oil and natural 
gas. The surplus cost of coal use is only significant compared 
to the current price in the egalitarian perspective. 

Stakeholders (oil/natural gas and other industry representa¬ 
tives, policy makers and scientists) expressed their doubts on the 
relevance of a fossil resource scarcity indicator because concern 
for climate change is currently a driving substitution of fossil 
resources (Vieira et al. 201 1). A comparison with the social cost 
of carbon can give an idea of the relevance of fossil resource 
scarcity according to our calculations. The average peer- 
reviewed social cost of carbon is 43 US$ 20 oo (54 US$2oos) P er 
metric tonne of carbon with a standard deviation of 83 US$ 2 ooo 
(105 US$ 2008 ) (Yohe et al. 2007). This can be converted using 
atomic weights into 14.9 US$ 2 oos average social cost per metric 
tonne of carbon dioxide. Gomez et al. (2006) reported default 
emission factors of 0.073, 0.056 and 0.095 metric tonnes of 
carbon dioxide per gigajoule of cmde oil, natural gas and coal 
combusted, respectively. Combined, this results in social costs 
per calorific value of 1.1, 0.8 and 1.3 US$ 2 oos P er GJ of cmde 
oil, natural gas and coal, respectively. These are in the same 
order of magnitude as the surplus costs in the individualist and 
hierarchist perspectives for cmde oil (0.74-2.9 US$2008 P er GJ) 
and natural gas (0.25-1.5 US$2008 per GJ) and a much higher 
value in those perspectives for coal (0.004—0.033 US$ 2 oos per 
GJ). Compared to the surplus cost values in the egalitarian 
perspective (3.2-14.3 US$ 2 oos per GJ), the social cost values 
are considerably lower. 

From the individualist perspective, which assumes we can 
manage needs and resources, low characterization factors fit. 
Individualists are not particularly concerned about resource 
availability as they have a dominantly short-term perception 
of time (5 to 20 years). The extremely high characterization 
factors are appropriate for the egalitarian perspective, which 
has a dominantly long-term perception of time and is very 
concerned about resource availability for future generations 
(Hofstetter 1998). The characterization factors for the 
hierarchist perspective are typically in between those of the 
other two perspectives, though nearer to the individualist. 


The surplus cost can be considered an impact indicator at 
endpoint (damage) level, but we did not find a common 
indicator for cmde oil, natural gas and coal at midpoint level. 
The reason for this is that there is no common pathway at any 
point before the surplus cost, as illustrated in Fig. 1. Jolliet 
et al. (2004) recognised that in some cases of modelling at 
damage level, pathways could be better modelled without 
involving indicators at midpoint level. 

4 Conclusions 

Characterisation factors were calculated for the primary fossil 
resources cmde oil, natural gas and coal, expressed per mass 
or volume equivalents based on the lower heating value, 
which can be directly used for impact assessment in LCA. 
We further developed a life cycle impact assessment method 
for resource scarcity of cmde oil, natural gas and coal, in 
which the marginal cost increase is calculated as an interme¬ 
diate parameter and surplus cost is calculated for three per¬ 
spectives—individualist, hierarchist and egalitarian—as an 
impact indicator. For other types of non-renewable resources, 
in particular minerals, a similar method can also be applied 
and is currently under development. This will result in multi¬ 
ple impact categories following a similar cause-effect path¬ 
way, which can then be aggregated in the safeguard subject 
Natural resources. When expressing the characterisation fac¬ 
tors per gigajoule, the impacts are highest for cmde oil and 
lowest for coal. The impact of natural gas in all perspectives is 
about half of the impact of cmde oil. The impact of coal is 
generally a factor of 100 lower compared to cmde oil. Only in 
the egalitarian perspective, where no discounting is applied, 
the impact of coal is only a factor of five lower. 
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